Abstract. Chronic myelogenous leukemia (CML) is a myeloproliferative neoplasia characterized by the presence of the Philadelphia (Ph) chromosome in hematopoietic cells (HCs). As one of the most important components of the bone marrow microenvironment (BMM), bone mesenchymal stromal cells (BMSCs) are critical in the development of leukemia and essential in the regulation of hematopoiesis. However, little is known regarding the alterations of BMSCs in CML. The current study performed Cell Counting Kit-8 and colony-forming unit fibroblast assays to evaluate the proliferative ability of BMSCs. The percentage of senescent BMSCs was evaluated by a senescence-associated β-galactosidase staining assay. Subsequently, a long-term culture-initiating cell assay was designed to explore the HC-supporting capacity of the BMSCs. Furthermore, cytogenetics were detected by conventional cytogenetic analysis and fluorescence in situ hybridization analysis. The current results revealed that CML-BMSCs exhibited decreased cell proliferation and impaired HC-support capacity, as well as increased susceptibility to senescence. No chromosomal aberrations, including the absence of the Ph chromosome, were noted in all CML-BMSCs. In conclusion, the current study demonstrated functional inhibition of CML-BMSCs; however, no signs of chromosomal aberrations were observed, thereby providing insight into the changes occurring in the CML-BMM.
Introduction
It is generally accepted that chronic myelogenous leukemia (CML) is caused by a reciprocal translocation of chromosomes 9 and 22 termed the Philadelphia (Ph) chromosome which results in the formation of the BCR-ABL fusion gene in primitive hematopoietic cells (HCs) (1) . It has previously been reported that the BCR-ABL fusion gene initially appears in one single HC, which subsequently induces a growth advantage for the cell and leads to excess multiplication (2) . Over-accumulation of CML-HCs produces excessive amounts of granulocyte colony-stimulating factor, which downregulates the expression of C-X-C motif chemokine ligand 12 (CXCL12) in the bone marrow microenvironment (BMM) of CML. This downregulation of CXCL12 results in a reduction of the homing and retention of HCs and an increase in the number of CML-HCs in peripheral blood (3) . Due to the genome instability in CML, CML-HCs are affected by accumulation of point mutations and chromosomal aberrations, which eventually facilitate blastic transformation (4, 5) .
Within a decade, CML has progressed from a fatal disease to a disorder that can be controlled by lifelong oral medication (1) . Use of BCR-ABL tyrosine kinase inhibitors has markedly improved the treatment of CML (6) . However, drug resistance has become increasingly prominent in recent years (7) . Previous studies have focused on drug combina- (7) . Previous studies have focused on drug combina-. Previous studies have focused on drug combination (8) and protective effects of the BMM (9,10), whereas the current study aims to provide a new perspective by investigating the changes that occur in the CML-BMM.
The BMM not only protects HCs from drugs but also participates in the development of leukemia (9, 10) . As one of the main components of BMM, bone mesenchymal stromal cells (BMSCs) serve an indispensable role in hematopoiesis regulation (11) . Previous studies have demonstrated that BMSCs derived from patients with myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML) exhibit biological function impairment and a higher inclination to senescence compared with BMSCs derived from healthy donors (HDs) (12) (13) (14) . In addition, genetic aberrations were detected in HCs in approximately 20% of patients with AML and 12% of patients with MDS (15) . To the best of our knowledge, previous research concerning CML has mainly focused on malignant HCs, with less focus on CML-BMSCs. This prompted the current study to analyze the biological characteristics and genetic alterations Bone mesenchymal stromal cells exhibit functional inhibition but no chromosomal aberrations in chronic myelogenous leukemia of the CML-BMM in order to explore its role in hematopoietic dysfunction. Colony-forming unit fibroblast (CFU-F) assay. BMSCs at passage 3 were detached with trypsin EDTA (Hyclone; GE Healthcare) and plated at a low density ~1x10 2 /ml onto a fresh culture dish. The cells were cultured for 14 days at 37˚C under humidified atmosphere of 5% CO 2 in DMEM (Hyclone; GE Healthcare) and half of the medium was renewed every 4 days. The cells were then fixed with 4% paraformaldehyde for 20 min and stained with Giemsa for 30 min at room temperature. The stained cells were observed under a Nikon 7S-100 light microscope (Nikon Corporation, Tokyo, Japan) and colonies including ≥50 cells were scored as a CFU-F.
Materials and methods

Patients
Differentiation assay. BMSCs were harvested and seeded to 6-well culture dishes at a concentration of 2x10 4 /well with DMEM (Hyclone; GE Healthcare). When the culture reached 80% confluency ~5x10 5 /well, the medium was replaced with differentiation and induction medium from the StemPro Adipogenesis Differentiation kit, StemPro Osteogenesis Differentiation kit and the StemPro Chondrogenesis Differentiation kit (all kits from Invitrogen; Thermo Fisher Scientific, Inc.) for 2 weeks. The extent of adipogenesis, osteogenesis and chondrogenesis was observed by staining with oil red O, alizarin red S and alcian blue, respectively according to the manufacturer's protocol at room temperature (all dyes from Beijing Solarbio Science & Technology Co., Ltd., Beijing, China).
Cell Counting Kit-8 (CCK8) assay to measure cell proliferation.
BMSCs in an exponential phase of growth were collected and seeded into 96-well plates at a concentration of 2x10 4 /well based on the CCK8 assay which was performed once a day for a total of 6 days. At 4 h after the cells were adhered, 10 µl CCK8 (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was added to each well. Following 2 h of incubation at 37˚C under humidified atmosphere of 5% CO 2 , densitometry was detected at the wavelength of 450 nm by a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). Senescence associated-β-galactosidase (SA-β-gal staining assay). BMSCs were harvested at passage 8 and seeded into a 6-well plate at a concentration of 2x10 4 per well. An SA-β-gal staining kit (Beyotime Institute of Biotechnology, Haimen, China) was used to evaluate the percentage of senescent cells, according to the manufacturer's protocol. Subsequently, the plates were incubated for 12 h at 37˚C under humidified atmosphere but without CO 2 . The percentage of blue-stained senescent cells per 500 cells was calculated in at least 10 random fields using a Nikon 7S-100 light microscope.
Long-term culture-initiating cell (LTC-IC)
assay. An LTC-IC assay was conducted to detect the hematopoietic support ability of BMSCs. Firstly, BMSCs layers were seeded with 10 µl/ml mitomycin-c (Sigma-Aldrich) for 2 h at 37˚C in humidified atmosphere of 5% CO 2 . Then, HDs-HCs sorted using the CD34 MicroBead kit (Miltenyi Biotec Inc., Cambridge, MA, USA), were seeded onto the BMSC layers with MyeloCult H5100 medium (Stemcell Technologies, Inc., Vancouver, BC, Canada) for 5 weeks. Co-cultured CD34 + cells were then collected and cultured in MethoCult H4431 medium (Stemcell Technologies, Inc.) at a concentration of 1x10 3 /ml per dish for a further 14 days. Colony forming units of granulocyte/monocyte (CFU-GM) (≥40 cells), colony forming units of erythroid (CFU-E) (≥50 cells) and burst forming units of erythroid (BFU-E) (≥300 cells) were counted under the Nikon 7S-100 light microscope.
Conventional cytogenetic (CC) analysis and fluorescent in situ hybridization (FISH) analysis of HCs and BMSCs.
Cytogenetics of HCs and BMSCs were evaluated by CC analysis and FISH analysis. Briefly, the cells were maintained at metaphase by adding colcemide (Gibco; Thermo Fisher Scientific, Inc.) at a final concentration of 0.2 µg/ml. The air-drying method was used to prepare the glass slides. CC analysis was carried out by R banding (17) . Karyotypic abnormalities were described in detail in accordance with the International System for Human Cytogenetic Nomenclature (2013) (18) . A BCR-ABL probe (GP Medical Technologies, Ltd., Beijing, China, http://www.gpmedical.com.cn/) was used according to the manufacturer's protocol to measure BCR-ABL translocations by FISH analysis. ABL gene on chromosome 22 is marked with the red signal, BCR gene on chromosome 9 with the green signal, and the hybridization signal of BCR-ABL fusion gene shows the yellow signal. The results were detected by an Olympus BX51 fluorescence microscope (Olympus Corporation, Tokyo, Japan).
Statistical analysis. Quantitative data are presented as mean ± standard deviation. A two-sided unpaired Student's t-test was applied to compare two different groups using SPSS 20.0 (IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Identification of BMSCs.
Samples from HDs and patients with CML were collected to verify whether isolated cells met the minimal definition criteria for BMSCs proposed by the International Society for Cellular Therapy (ISCT) (19) .
As demonstrated in Fig. 1A , the isolated cells from HDs were negative for HC antigens, including CD34 and CD45 (<10%), but positive for CD73, CD90 and CD105 (>90%), which was consistent with previous studies (14, 20) , as well as CML-BMSCs (data not shown). A CFU-F assay also verified the isolated cells were BMSCs. As demonstrated in Fig. 1B , one single cell from HDs was able to form a visible colony at passage 3 and this characteristic could also be detected at passage 8 (data not shown) as well as CML-BMSCs (data not shown), indicating the CML-BMSCs did not lose self-renewal capacity before or at passage 8. A differentiation assay revealed that HD-BMSCs at passage 3 exhibited the ability to undergoing multipotential differentiation as it could turned into three different shapes after being induced by the corresponding induction differentiation culture conditions as illustrated in Fig. 1C , which was still maintained at passage 6 (data not shown). Likewise, multipotential differentiation ability was also observed in CML-BMSCs (data not shown).
In summary, the adherent cells isolated were BMSCs, which possessed stable stem cell properties that provided sufficient reliability for subsequent experimentation.
BMSC culture and morphology. The amplification culture of HD-BMSCs and CML-BMSCs was measured. It was identified that it took 15 days on average, with a range of 7-30 days, for primary BMSCs to reach 80% confluency. Notably, it appeared to be harder for HD-BMSCs to adapt to culture conditions in vitro compared with CML-BMSCs. HD-BMSCs required a longer period of time (average of 20 days) to pass on to the next generation than CML-BMSCs (average of 10 days) at the first division. Both HD-BMSCs and CML-BMSCs grew at a faster rate after passage 1 (average of 3-7 days) and then slowed down in growth at passage 5 (average of 5-14 days).
The current study demonstrated that both HD-BMSCs and CML-BMSCs exhibited fibroblast-like shape at the early passage such as passage 3 (Fig. 1D a-b) . As the passages increased, a higher number of CML-BMSCs grew larger and more irregular in shape compared with HD-BMSCs at passage 5 ( Fig. 1D c-d) .
Impaired growth kinetics of CML-BMSCs.
To evaluate the growth rate of HD-BMSCs and CML-BMSCs, a CCK8 assay was performed. Over the 6-day culture period, CML-BMSCs grew at a significantly slower speed compared with HD-BMSCs between days 3 and 6 (P<0.05; Fig. 2A) . Furthermore, by seeding 200 cells per dish, a CFU-F assay was performed to assess the self-renewal ability of BMSCs. CML-BMSCs produced a significantly lower number of CFU-Fs compared with HD-BMSCs (7.67±1.10 vs. 15.67±0.67; Fig. 2B ).
Increased cellular senescence of CML-BMSCs. The current study identified that BMSCs gradually changed from a fibroblast-like shape into a large and irregular shape, which was previously described as a typical senescence characteristic (21) . In view of this finding, SA-β-gal stain was used to assess the percentage of BMSCs undergoing senescence. As demonstrated in Fig. 2C , the percentage of senescent HD-BMSC (22.33±1.61%) was significantly decreased compared with the percentage of senescent CML-BMSC (60.17±2.66%). 
Diminished hematopoietic support capacity of CML-BMSCs.
An LTC-IC assay was implemented to evaluate whether the hematopoietic support capacity of CML-BMSCs was impaired compared with that of HD-BMSCs. By counting the number of CFUs, the current study identified that the LTC-IC frequency (the total number of CFU-GMs, CFU-Es and BFU-Es) was 2.6-fold higher following co-culture with HD-BMSCs compared with co-culture with CML-BMSCs, as well as bigger size of CFU (Fig. 2D upper panel) . In detail, CD34 (Fig. 2D lower panel) . The current results identified that CML-BMSCs exhibited a less effective hematopoietic support capability compared with HD-BMSCs.
Absence of BCR-ABL in CML-BMSCs.
To gain further insight into CML-BMSCs, CC analysis and FISH analysis were used to explore cytogenetic alterations in BMSCs and HCs from 15 patients with CML and 6 HDs. The current study revealed that the Ph chromosome could be identified in all CML-HCs that were analyzed by CC. The FISH results demonstrated that all CML-HCs as indicated by the yellow hybridization signal. However, neither no chromosomal aberrations were identified in CML-BMSCs using CC analysis (Fig. 3A) , no yellow signal was detected by FISH analysis (Fig. 3B and Table II) . As expected, HCs and BMSCs in all HDs exhibited a normal karyotype (data not shown).
Discussion
Previously, several studies have proposed a hypothesis that functional and genetic alterations of stromal cells would induce myeloid malignancies (22, 23) . Therefore, the current study focused on BMSCs to explore whether their functional and genetic characteristics were altered in CML-BMM.
The current study identified that there were no significant differences in surface marker expression and the ability of multipotential differentiation between the adherent cells derived from HDs and patients with CML. Adherent cells from both HDs and patients with CML conformed to the minimal definition criteria for BMSCs proposed by the ISCT. In addition, the separation method used in the current study was confirmed to be reliable. The current study revealed that the growth rate of CML-BMSCs was impaired compared with that of HD-BMSCs. Previous studies have reported that impaired proliferation is not associated with cell cycle arrest or increased rates of apoptosis (20) , but is associated with an increased rate of aging (14) . The current study identified that CML-BMSCs were more susceptible to cellular senescence compared with HD-BMSCs. The promyelocytic leukemia gene plays a key role in the progress of BMSCs senescence (24) . Cellular senescence in BMSCs may affect their hematopoietic support capacity (25) . The current study demonstrated that the frequency of LTC-ICs following co-culture with HD-BMSCs was 2.6-fold higher compared with that of CML-BMSCs, indicating that CML-BMSCs exhibited an impaired hematopoietic support capacity compared with HD-BMSCs. Within the BMM in hematologic neoplasms, malignant HCs and healthy HCs are affected by exosomes, microRNAs, long non-coding RNAs and cytokines secreted by stromal cells (26) (27) (28) . Among them, to the best of our knowledge, the research seem to focus more on the effects of cytokines on hematopoietic support capacity in BMM at present (3, 29) . A limitation of the current study is that only the phenomenon of biological characteristics of CML-BMSCs were provided, while in-depth research on the mechanism of the impaired biologof the impaired biologbiological characteristics was not conducted. In the near future, the effects of cytokine changes on the impaired hematopoietic support capacity of CML-BMSCs may be investigated. It has previously been reported that malignant HCs may remodel and transform a healthy BMM into an inflammatory environment (30, 31) . When exposed to an inflammatory environment in vivo, the epigenetics of BMSCs would be altered and functions of BMSCs would be impaired, including their hematopoietic support capacity (12, 13) . A previous study demonstrated that the capacity of BMSCs to support healthy HCs was impaired, however they selectively promoted the proliferation of malignant HCs (32) .
Growing evidence has demonstrated that genetic abnormalities exist in BMSCs derived from leukemia patients (15, 33) . This suggests that a primary BMSC defect either causes or supports hematologic malignancy. This hypothesis challenges the popular theory that hematological malignancies originate exclusively from intrinsic genetic defects in HCs (34).
The current study did not detect any of the cytogenetic abnormalities in CML-BMSCs that have been identified in previous studies (35, 36) . As previously mentioned, the current study has verified that the biological function of BMSCs was impaired when derived from patients with CML patients compared with that of HD-BMSCs. Functional inhibition has been demonstrated to be associated with DNA methylation in AML and MDS-derived BMSCs (12, 13) . Abnormalities of DNA methylation may lead to gene instability (37, 38) . Therefore, the current study assumed that BMSCs with altered biological functions may exhibit a potential risk of gene mutation. The accumulation of genetic mutations may eventually lead to chromosomal aberrations (34, 39) . BMSCs and HCs may similarly be affected by a predisposing genetic defect and therefore contribute equally to the manifestation of CML (40) .
Whether genetic stability of BMSCs could be maintained in vitro is of note. A previous study has revealed genetic material of BMSCs remains intact up to and including passage 9 (41) . All BMSCs adopted in the current study for chromosomal analysis were within passage 5. Therefore, it is likely the BMSCs used in the current study only acquired additional mutations at a very low frequency.
In summary, the current study performed a comprehensive analysis that demonstrated the function of CML-BMSCs was inhibited but no cytogenetic abnormalities were detected. The current study has provided further insight into the pathophysiology of the CML-BMM with the view of providing an improved understanding of BMSCs.
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